The ,8-methyl-galactoside-and galactose-specific transport systems of Escherichia coli were shown by experiments involving inhibitors and the use of an adenosine triphosphatase mutant strain to utilize adenosine 5'-triphosphate or a related compound to drive active transport. These systems were shown to be unable to use the activated-membrane state. The galactose-specific transport system was shown to behave most like a member of the binding-protein class of transport systems by its response to osmotic shock and vesicle formation. These results extended to two sugar transport systems: the correlation between the source of energy and class of transport system found by Berger (1973) for amino acid transport systems. That is, binding-protein systems utilized adenosine 5'-triphosphate whereas membrane-bound systems utilized the activated-membrane state to drive active transport.
The ,8-methyl-galactoside-and galactose-specific transport systems of Escherichia coli were shown by experiments involving inhibitors and the use of an adenosine triphosphatase mutant strain to utilize adenosine 5'-triphosphate or a related compound to drive active transport. These systems were shown to be unable to use the activated-membrane state. The galactose-specific transport system was shown to behave most like a member of the binding-protein class of transport systems by its response to osmotic shock and vesicle formation. These results extended to two sugar transport systems: the correlation between the source of energy and class of transport system found by Berger (1973) for amino acid transport systems. That is, binding-protein systems utilized adenosine 5'-triphosphate whereas membrane-bound systems utilized the activated-membrane state to drive active transport.
There is mounting evidence that there are two classes of transport systems in Escherichia coli that can accumulate substrates without being modified (10) . These classes were first differentiated by their response to osmotic shock (6) and to vesicle formation (8) . One class (membrane-bound systems) is retained in membrane vesicles and is not strongly reduced after osmotic shock, whereas the other class (bindingprotein-associated systems) is lost during vesicle formation and is strongly reduced by osmotic shock. For most systems of the latter class, a protein is released by osmotic shock, whose specificity of binding closely resembles the specificity of the transport system. In two cases, histidine transport (1) and galactose transport (4), genetic studies have shown that the binding proteins are an essential component of the associated transport system.
In a recent paper (2), Berger showed that the glutamine transport system (a member of the binding-protein class) could only utilize the energy of adenosine 5'-triphosphate (ATP) or a compound derived from it, whereas, as has been suggested by several other workers (12, 16) , proline transport (a member of the membranebound class) can only utilize the energy of the activated-membrane state. This discovery has now been generalized for four additional amino acid transport systems which are members of the binding-protein class, and four additional members of the membrane-bound class (E. A. Berger and L. A. Heppel, J. Biol. Chem., in press). These studies were made possible by the isolation of mutants in the Ca2+ and Mg membrane adenosine triphosphatase (ATPase) (5, 9, 18, 19) , an enzyme that appears to catalyze a reversible reaction which converts the energy of the activated-membrane state into ATP (Fig.  1) . In these mutants, it is possible under the right conditions to allow the formation of either the activated-membrane state or ATP.
However, Parnes and Boos (15) have reported that the P-methyl-galactoside transport system (a member of the binding protein class) utilizes the activated membrane state to drive uptake. In this paper, the source of energy for the two galactose transport systems which are induced by galactose are examined: the P-methyl-galactoside transport system, and the other system which has been called galactose permease (17) and which will be referred to as the galactosespecific transport system. This system has a Km of 1.7 x 10-4 M for galactose and transports only galactose, glucose, and in some strains D-fucose (17, 27) , whereas the,-methyl-galactoside transport system has a Km of 5 x 10-7 M for galactose and also transports ,B-methyl-galactoside, ,-glycerol galactoside, D-fucose, and glucose (4, 17) . It was found that to drive uptake each system could utilize only ATP or a compound derived from ATP.
MATERIALS AND METHODS
Bacterial strains. E. coli ML 308-225 i-z-y+ and DL 54 (an isogenic derivative lacking the Ca2+ and Mg2+ membrane-bound ATPase [19] were purchased from New England Nuclear (Boston, Mass.). The isotopes were diluted with the respective unlabeled compounds to final specific activities of 3, 10, 10, and 20 Ci/mol. a-glycerol galactoside was the generous gift of Thomas Silvaney, who worked with Winfried Boos. Carbonyl-p-trifluor omethoxyphenylhydrazone (FCCP) was a gift from E. Racker.
Growth of cells. Cells were grown on mineral salts medium (20) containing 0.2% fructose and 10-3 M D-fucose, and were collected by centrifugation when the cell number reached 109/ml. The cells were washed two times with minimal medium (lacking carbon source) at room temperature and resuspended in minimal medium to give a suspension containing about 1.5 mg of protein/ml.
Starvation of cells. Cells were starved by the procedure of Berger (2) except that strains ML1 and DL, were incubated with dinitrophenol for 5 and 1.5 h, respectively.
Transport assay. Transport rates were determined as described previously (22) except that samples were taken at 20 and 40 s after the addition of isotope, when glutamine and proline were the substrates. Fructose was used as the carbon source for assays unless otherwise stated. The galactose-specific transport system was assayed with 1.5 x 10-4 M ["IC galactose in the presence of 7.5 x 10-4 M ,-glycerol galactoside to inhibit uptake by the ,-methyl-galactoside transport system. Uptakes were carried out in the absence of oxygen by bubbling nitrogen through the sample during the incubation with carbon source and the uptake assay. Assays of uptake in the presence of arsenate were carried out as described by Berger (2) (14), and run directly on samples of the cell or vesicle suspension. Measurement of ATP levels. ATP was extracted from whole cells with perchloric acid, and the ATP level was determined by a luciferin-luciferase assay described by Berger and Heppel (J. Biol. Chem., in press).
RESULTS
When cells of strain DL1 (which lacks the Ca2+ and Mg2+ ATPase) were incubated with fructose in the absence of oxygen, they could generate ATP by glycolysis but were unable to generate the activated-membrane state, since there is no respiration and the mutated ATPase cannot convert ATP to the activated-membrane state (Fig. 1 ). Under these conditions, the transport of proline (which requires the activated-membrane state) was greatly inhibited, whereas the transport of both ,-methyl-galactoside and galactose showed a much smaller inhibition (Table 1) . Furthermore, direct measurements of the ATP pool in cells of strain DL, in the presence and absence of oxygen (Table 2) showed that the ATP pool was slightly reduced by anaerobiosis. These results showed that ATP or some product derived from it could serve to drive transport by both the galactose-specific and s-methyl-galactoside transport systems. The values for proline transport reported here were about one-third those reported by Berger (2) (12) . The effect of arsenate on transport in strains DL1 and ML, is given in Table 3 . Arsenate-treated cells retained 47% of their proline transport but only 5% of their P-methyl-galactoside transport. The results with the galactose-specific transport system were intermediate, as 22% of the uptake was retained. These experiments showed that the ,-methyl-galactoside transport system was unable to utilize the activated-membrane state, whereas the galactose-specific transport system was only able to utilize it poorly (if at all).
Another experiment which tested the ability of a transport system to utilize the activatedmembrane state was to supply the ATPase mutant with substrates which allowed respiration but could not support substrate level phosphorylation. The two substrates which gave the clearest results are -lactate, which was mainly respired but has been shown to cause a small increase in the ATP pool (Berger and Heppel, J. Biol. Chem., in press), and N-methyl phenazinium methylsulfate (PMS) plus ascorbate (an artificial electron donor pair which allowed only respiration).
The results of such experiments are given in Table 4 with the results of experiments which used the wild-type strain. In the ATPase mutant, neither ,B-methyl-galactoside transport nor galactose transport were stimulated by (Table 5 ). In the wild-type strain, the presence of the ATPase could have reduced the ATP pool, and the two galactose systems were more sensitive to the inhibitor. These results showed again that both galactose transport systems could utilize the energy of ATP or a derivative to drive uptake.
While the ,-methyl-galactoside transport system is a well-documented member of the binding-protein class, the galactose-specific transport system has been reported to be retained in membrane vesicles (11) . The results of osmotic shock and vesicle formation on the galactosespecific transport system are shown in Table 6 . The galactose-specific transport system was more sensitive than proline to osmotic shock but less sensitive than the two established binding-protein systems tested. However, it was almost completely lost in vesicles made by both the standard procedure and a gentle procedure. These results suggested that the galactosespecific transport system belonged to the binding-protein class.
DISCUSSION
The results in this paper showed that both ,-methyl-galactoside and the galactose-specific transport systems obtained the energy to drive uptake directly from ATP or a derivative and were unable to utilize the activated-membrane state. In the case of the ,-methyl-galactoside transport system, this conclusion was opposite to that reported by Pames and Boos (15) . However, the main evidence for their conclusion is the D-lactate stimulation of galactose uptake which they observed in the ATPase mutant that they studied. port system were in direct experimental conflict with the report of Kerwar, Gordon, and Kaback (11) . The properties that they report for galactose uptake are very close to those reported for the galactose-specific transport system (17, 22) and unlike any other system capable of galactose uptake. As both their strain and the strain used in this investigation were derived from ML 308, it is unlikely that the conflict resulted from strain differences. It is possible that there was some minor difference in vesicle preparation which caused the loss of the galactose-specific system although retaining proline transport. However, this would still leave unexplained their discovery that PMS plus ascorbate and D-lactate could stimulate galactose uptake in membrane vesicles, when in whole cells only ATP could drive transport.
The results reported here and the experiments of Susan Curtis, who has studied the ribose transport system (J. Bacteriol., in press), extend to three sugar transport systems the correlation that binding-protein-associated transport systems could only use ATP or a derivative to drive uptake.
At present there are no exceptions to this generalization, and the results strongly suggested that this property will be true of all Escherichia coli binding-protein-associated transport systems which include transport systems for amino acids, sugars, peptides, and ions.
There is at present no model to predict or explain which type of mechanism will be used for any particular transport system. It is possible that when we understand more about the details of the mechanisms of the two types of transport systems such a model will become clear. However, it may be that there is no evolutionary advantage for one type over the other and that the two classes have evolved together, with systems belonging to one class or the other because of their evolutionary history rather than because one mechanism is more efficient than the other for a given system.
